This paper examines the metallic rare earth element (REE) formations that grow on ion exchange/chelating resins. Formation of these stabilized metallic structures leads to composite particle destruction and appears to be the result of the dynamic environment of the batch experimentation. Polymeric structure, electron availability, pH, kinetic factors, and the REE f-orbitals play significant roles in the formation of the organometallic framework. f-orbitals are largely still not understood to a great extent but this work serves to elucidate the larger role they may play in ligand interactions. Molecular modeling was utilized as a secondary component in investigating rare earth element (REE) deposition onto ion exchange/chelating resins. Modeling of the f-orbital frontier regions and the application of the HOMO-LUMO transition's effect on molecular transfer and stability is discussed. Advanced metallic loading, in the manner of an organometallic structure, shows short-term stability resulting in particle destruction as increased REE is adsorbed.
theory can be integrated to explain the transfer mechanism. The organometallic network formed delocalises electrons but does result in concentrations. Resulting bridging of ligand fields provides a substrate for metallic bonding to form.
Parallel to the bridging formations a failure of inner electron transfer networks may activate an attempt to establish a new electron network through metallic formation and deposition. Eventually metallic conformations and inner organometallic electron transfer network failure induce stress and result in breakage of the particle but metallic components are capable of staying intact, but are now limited in bonding due to loss of organometallic properties.
Montana Tech is seeking to expand this technique to REE processing by testing several silica and polystyrene composites having multiple functional groups.
Initial investigation showed atypical behavior in resins when loaded with REE instead of transitional metals. While metal REE structures formed on the surface of the ion exchange resins, particle destruction followed in specific cases. Work to characterize the root-causes and mechanisms of metallic deposition and breakage continues.
Previous work at Montana Tech has shown REE self-assembling on both ion exchange and chelating resins. The intent of the experimental phase reported here was to broaden both the spectrum of resins being used and the REE being loaded to determine whether this phenomenon was occurring across the spectrum of resins and REE, and to determine the form the REE take on the resins and compare that with other types of metals. Molecular modeling was used to possibly provide information explaining the phenomena being seen.
Experimental
Batch experimentation in this phase of work provided a comprehensive data set for characterization. Batch experiments were done on a table-top shaker set at 200 rpm. Solutions adjusted to pH 2, 5, 8, and 10 were measured into scintillation vials at 20 ml. The REE chlorides were added to solutions to produce concentrations of 1000 ppm REE. The batches were shaken and sufficient contact time allowed for full loading to occur. The material was sampled at three different stages: 24 hours, 48 hours, and after several days.
Previous research has shown that pH and contact time are the primary means of controlling the adsorption process. Key results of the studies, which in some cases are contradictory, are:
• Chromium(VI) onto silica-Adsorption qualities are highly dependent on pH conditions [3] . Most adsorption occurs within 20 minutes [4] .
• Praseodymium onto pyridine/phosphate-Adsorption rate is governed by interdiffusional kinetics-rates at which elements can travel and find adsorption sites [5] .
• Cerium(III) onto D151-Higher pH conditions are optimal for, suggesting that adsorption is ion-and ligand-specific [6] .
• Ytterbium(III) onto weak acid gel-Low and high pH conditions inhibit recovery, while optimum recovery was seen at pH 5.5 [7] .
• The adsorption process is dependent on acid (HNO 3 ) concentration and temperature, indicating that an increase in temperature was not beneficial to adsorption. On the basis of those studies, we chose solution conditions of pH 2 and pH 10 as boundaries. Because composites become unstable at extremely low or high pH, we used pH 5 and pH 8 as midpoints. We found that pH after contact time settled around 2, and that adsorption was sufficient. This was consistent with the work of Yao, which found that as pH increased recovery decreased [5] .
The REE we studied were chosen because of their availability and to compare REE adsorption between light and heavy elements. REE chlorides were chosen because chlorine would likely remain a bystander in chemical reactions. Temperature was not considered an important factor in this stage of experimentation.
Primary analysis for this phase of work consisted of scanning electron microscopy (SEM) with energy dispersive x-ray spectroscopy (EDS) and x-ray photoelectron spectroscopy (XPS).
Results & Discussion

Characterization of Metallic Formation
A number of depositional morphologies were seen on both silica-and polystyrene-based ion exchange/chelating resins, depending on resin, REE, and solution pH. The effect of the metal type on depositional morphology is addressed here with only a small portion of the work presented. Transitional metals, precious metals, and REE metals were compared. Note that these are general comparisons where characterization between SEM EDS and XPS may not be from the same S. Dudley et al.
particles.
Three common types of morphology seen with REE deposition are presented. Figure 1 shows dysprosium on polystyrene/aminophosphonic ion exchange resin. Present are the circular deposits indicative of close contact between resin particles, flake deposits only loosely bound to the surface, and connected deposits where nonrandom deposition is evident. Figure 2 shows SEM EDS analysis of the flake structure (crosshair shown in Figure 1 ) and represents a common pattern for REE metal deposition onto the polystyrene/aminophosphonic ion exchange resin. In this case, all the metals identified are included even if they cannot be present. This is to illustrate the dif- are identified. It should be noted that the particles are cleaned and dried before analysis so that remnants of several steps may be present. The counts are low for standard EDS scans, but given the nature of the material, the peaks were compared. Peaks of the polymer substructure and functionalization are present, again with possible interference due to difficulties analyzing curved surfaces. Of importance is the predominant holmium peak at increased counts.
Since EDS analysis showed other elements, such as oxygen, carbon, and chlorides, that may indicate nonmetallic depositions, XPS was done to confirm whether the formations within and on the surface of the ion exchange composites were metallic. Several resins were analyzed, including the polystyrene/ aminophosphonic resins. The surfaces of the particles were sputter cleaned to a depth of no more than 2 nm to remove any contamination due to handling. peak is correlated to the foil used for mounting. The oxygen and carbon peaks are associated with the underlying polystyrene structure. The two dysprosium peaks identify the formation as metallic because no shift occurs. The shift would be associated with the presence of oxymetallic compounds. Figure 6 shows the XPS spectrum for holmium on polystyrene/aminophosphonic resin. Although no holmium XPS plot is readily available for holmium oxide, it is assumed that it would act much the same as dysprosium. The oxygen, carbon, and sodium peaks are associated with the underlying polystyrene structure. The presence of dysprosium is a result of accidental resin mixing. The two holmium
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peaks show no shift from metallic holmium peaks and are therefore assumed to be metallic in nature. The XPS spectra confirm the evidence from calorimetry, XRD, and SEM EDS that metal forms.
To further test that REE deposition is unlike that of other metallic groups, we tested both transitional and precious metal depositional states starting from the chloride form and under the same experimental protocols. SEM and SEM EDS analyses of the palladium experiment are presented-results from all the non-REE metal types tested showed similar results. Figure 7 shows the deposition onto a polystyrene/aminophosphonic resin sampled at 24 hours. Note the circular formations, commonly seen on REE metallic depositions. Figure 8 shows the deposition onto a polystyrene resin sampled at 48 hours.
The deposition has assumed a random pattern with most of the surface involved in the deposition event. • Electron localization and densification;
Characterization of Phenomena through Molecular Modeling
• Conformational accommodations;
• Calculation of stress states.
There are limited publications on composite anomalies similar to those seen in this research program, making molecular modeling an important tool in attempting to ascertain the mechanisms of loading, the resulting structures, and the rupturing mechanisms.
Loading was occurring as nodules, island growths, sheets, upward tree and branch growth, and circular formations. Our simplified modeling assumed a base structure of polystyrene with no functional ligands. Since previous testing showed ligand structure appearing to play a major role in initial attachment but a minor role in subsequent unrestrained metallic surface growth, the primary consideration for this phase was the interaction of REE loading and base polystyrene structure. That structure is a limited polymer unit consisting of a finite amount of monomer units.
Modeling of the REE loading proceeded as:
2) REE bridging;
3) REE growth and metallic formation; 4) Halting REE loading after sufficient (as deemed by the user) metallic growth and outward repetition-simulating the loss of available material.
Modeling was in 3-D view and the structure optimized using the proprietary applications of MarvinSketch.
It was initially found that the structure is able to accommodate increased metallic formation of the REE. The resulting setup appeared to act like a metallic back-donation bonding structure capable of transferring electrons around a bulk structure for stabilization. This is consistent with the transition from the highest occupied molecular orbital to the lowest unoccupied molecular orbital (HOMO-LUMO) and subsequent metallic formations after electronic failure. Modeling was expanded to basic silica and polystyrene structures to show the stages of progression and the complexity of the molecular modeling. The f-orbital systems serve to increasingly complicate matters due to their sizes and multiple coordination sets.
Although our modeling included both polystyrene-and silica-based polymer structures, polystyrene is the focus of this report. The polystyrene structure was modeled with loading of dysprosium, a generalized polystyrene that is nonspecific to the composites used in this research program. Steric conditions were optimized using the program's algorithms to seek a low-energy state. Subsequent calculations were on the basis of this low-energy state.
The loaded polystyrene structure has relatively uniform outer species distribution of charge and electronegativity, except for oxygen acting as a concentrator. 
Mechanisms
Two important composite modifications are evident from SEM analysis: particle rupture and metallic deposition onto the particle. SEM images show a progression of REE loading on the ion exchange/chelating resins, subsequent metallic formation, and in many cases, particle fracture.
Typical loading mechanisms, for most adsorption purposes, are point attachments at specific engineered sites. Continued interaction is not known to widely occur. Functional site REE attachment on the ion exchange/chelating resins phase from point loading to self-assembling metallic formation, in some cases unrestrained.
These formations indicate a second adsorption mechanism. The presence of metallic formations, is indicating that both organometallic adsorption and me- Modeling has shown that stress states or charge localization occurs in the interior of the polymer chains. This process is analogous to oxidation of polymeric systems. HOMO-LUMO excitation and subsequent conduction in an excited polymer network leads to localized stress states, which causes polymer corrosion. As the metallic loading begins, stress localization occurs, followed by polymeric crazing, and finally breakage along preferred attachment formations or substrate weaknesses.
Oxidation-reduction is occurring due to reduced metallic formation, but there are no apparent oxidized species in the solution or polymer. A five-step process is proposed to explain the presence of metallic species:
1) The HOMO-LUMO interaction in polymers acts as an initial organic semiconductor process.
2) Energy associated with the REE-organic bond drives the electronic potential available from the nonreacted end-mers on the polymer chains.
3) The electronic interacts with REE orbitals once sufficient metal atoms are on the polymer surface as coordinated species.
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4)
Reduction occurs directly on the surface rather than in the near-surface solution as the electrons are pumped in manner similar to fuel cell electron transfer.
5) Deposition rates increase as bonding sites multiply.
The dynamic nature of metallic interaction with organic frameworks is addressed to some extent in the literature. Gold nanoparticles were controlled through strict procedures using capping agents and reducing agents, and block copolymers displayed a metal-reducing function and self-stabilizing ability [8] .
The reduction of gold can be analogous to the reduction of REE. Self-reducing metal species and the ability to self-regulate chemical stability is a basis for arguments. The variable coordination numbers exhibited by REE metals give them a higher affinity for hard donor atoms, increasing the likelihood for stability [9] The f-orbital's ability to accommodate multiple conformations is a primary driver for creating the electronic network that stabilizes REE on polymeric structures in the metallic state.
The deposition of metals versus chlorides in these cases can be seen clearly.
Chlorides are also seen in a small percentage of the SEM EDS analyses. In some cases, both types of depositions occur. It is thought that deposition may transition to a solution-reduced chloride when the source of electrons availed in the polymeric ion exchange resin structure is consumed or when the internal network enabling electron transfer within the ion exchange resin is disrupted. Oxygen did not appear to play a part in metallic deposition.
Conclusions
Attachment and growth occurs on the atomic scale then transitions to a nanoscale phenomenon but can extend to the microscale or macroscale. Extension is limited only by the capability of the internal networks, both ionic and electronic, to transfer species within the structure, and the ability to supply REE to the surface.
HOMO-LUMO theory and the f-orbitals in organometallic frameworks may explain the type of electron transfer and on-surface reduction seen in this project. A key component to the problem presented is that the bonding and electron transfer between REE and organic frameworks is centered on the f-orbital. The f-orbital is little studied and its interaction on the HOMO-LUMO front is little understood.
This work does not propose a new framework for electronic sharing or bonding, but rather a possible explanation for the occurrences being seen.
Proof of concept was achieved, showing that REE can be recovered from pure solutions. Expansion of research must confirm recovery from leach liquor solution. Research diverged when observations were made of the composite materials behaving differently than behavior reported in interaction with transition elements. Cracking and agglomeration led to further experimentation and subsequent theories as to further research and implications.
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Further experimentation and analysis focuses on the ability to control the rate at which adsorption occurs. If rate can be controlled, then the adsorption could preferentially be turned off and on. This switch will allow self-assembly of multiple species on a single particle through advanced processing. Applications such as an in-situ alloy formation process can then be developed.
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